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But we don’t really know what it is...
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_Electron Recoil
(gammas)

Nuclear Recoil
.\ (neutrons, WIMPs)



Experimental Approaches

Direct Detection Techniques s
As large an amount of

information and a signal to
ZEPLIN II, III coMS noise ratio as possible

XENON ~20% of Energy
- J
WARP / EDELWEISS

wou An expanding community

ZEPLIN I CRESST I
DAMA
Dark Matter Direct Detection (Personnel >= Grads) v3.2
XMASS ROSEBUD |
DEAP ' Non-US
Mini-CLEAN W US

Grads)

At least two pieces of information in order to
recognize nuclear recoil
extract rare events from background

(self consistency)
+ fiducial cuts (self shielding, bad regions)

Scientists (=

B.Sadoulet

Mykonos 06/30/2011



WIMP—nucleon cross section [cm?]
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WIMP direct detection signal in liguid Xenon

Excitation Excited molecule
X
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VUV photon, 175nm
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Two-phase Xenon WIMP Detectors

Z position from S1 - S2 timing

X-Y positions from S2 light pattern s
Excellent 3D imaging (~mm resolution) S2

- eliminates edge events

- rejects multiple scatters
Gamma ray, neutron backgrounds
reduced by self-shielding |

- Drift time
Particle .~ indicates depth
o

Reject gammas, betas by charge (S2) to

light (S1) ratio. Expect > 99.5% rejection.

——— ionization electrons
VN UV scintillation photons (~175 nm)



Light to charge ratio separates nuclear

and electronic recolls
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Noble Element Scintillation Technique (N
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Light and Charge Yields

*LUX imposes cutoff in light and charge yields below 3 keVnr, to be conservative.
*Includes predicted electric field quenching of light signal, to 77-82% of the zero-field light yield
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LUX Benefits from an Exceptional Lab and Exceptional Lab Support

4850 Level (4300 mwe)

Proposed Laboratories

* Experiment Hall

Third generation dark matter and
1 T neutrinoless double-beta decay

Jeys seleA
Heys ssoy

- LBNE

Long-Baseline Neutrino Experiment
4850 Level liquid argon

e Underground Xenon Laboratory
st and second generation dark matter

+ CASPAR
Compact Accelerator System
for Performing Astrophysical Research

MaJoRANA DEMONSTRATOR

Neutrinoless double-beta decay

- CUBED
Center for Ultra-Low Background Experiments in the Dakotas
Low-background counting

* Low background counting

* DIANA

Dual lon Accelerators for Nuclear Astrophysics
4850 Level DIANA Laboratory

Ross C@

+ MJD

MaJorANA DEMONSTRATOR
>rming laboratory




The LUX Detector

Thermosyphon

Copper shield

Top PMT array
Anode grid
PTFE reflector
panels and field
cage
Low-radioactivity
Titanium Cryostat
Cathode grid
370 kg total xenon mass
2950 kg active liquid xenon Bottom PMT array

118 kg fiducial mass



LUX — the Instrument
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LUX - Supporting Systems

Xenon gas handling and sampling Thermosyphon Xe storage and recovery
s NIRRT cryogenics

\-‘\ .

conduits
into
cold water

head tank

LUX Thermosyphon
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Krypton-85 1s the most important source of
85K r 0.4% internal radioactivity

* Vendor-supplied xenon contains residual
514keV  krypton at a relative concentration of ~10-
* LUX goal: reduce Krypton concentration to
QB: 687 keV 85Rb ~5 x 1012

99.6%
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LUX Krypton Removal System

=8Kr - beta decay - intrinsic background in liquid Xe

arXiv:1103.2714

- Research grade Xenon: ~100 ppb Kr => 10 - 105 reduction needed

= August 2012 - January 2013: Kr removal at dedicated
- Chromatographic separation system

facility

= Kr concentration reduced from 130 ppb to 3.5 * 1 ppt, (factor of 35000)

- 1 ppt is achievable (useful for next-generation detectors)
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Surface Lab - March to July 2012




LUX underwater, and a mile underground, at SURF - September 2012




LUX Timeline
LUX funded in 2008 by DOE and NSF

Above-ground laboratory completed at SURF in 2011
LUX assembled; above-ground commissioning runs completed

Underground laboratory completed at SURF in 2012.
LUX moves underground in July to its new home in the Davis cavern.

Detector cool-down and gas phase testing completed early February 2013
Xenon condensation completed mid February 2013

Detector commissioning completed April 2013

Initial (3-month) WIMP search. First results presented 10/30!

Full year-long WIMP search to begin in 2014. Result expected in 2015

22



Typical Event in LUX

1.5 keV gamma ray scattering event
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XYZ Position Reconstruction

Z coordinate is determined by the time between S1 and S2 (electron drift speed of 1.51 mm/microsecond)
Light Response Functions (LRFs) are found by iteratively fitting the distribution of S2 signal for each PMT.
XY position is determined by fitting the S2 hit pattern relative to the LRFs.

Reconstruction of XY from events near the anode grid resolves grid wires with 5 mm pitch.
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83mKr Calibration

*8Rb produces 83mKr when it decays; this krypton gas can then be flushed into the LUX
gas system to calibrate the detector as a function of position.

*Provides reliable, efficient, homogeneous calibration of both S1 and S2 signals, which
then decays away in a few hours, restoring low-background operation.

83Rb — r— 86.2 days

83mKr source (8*Rb coated on charcoal,
0 B within xenon gas plumbing)

B I -

521 keV 530 keV
46% 31%

T ReV 1.86 hours
83Kr 0.4 keV 155 nsec




83mKr Calibration

*Over 1 million 8mKr events, spread uniformly through the detector.

Fiducial volume determination
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Tritiated Methane Calibration

L UX uses tritiated methane, doped into the detector, to accurately calibrate the efficiency
of background rejection.

*This beta source (endpoint energy 18 keV) allows electron recoil S2/S1 band calibration
with unprecedented accuracy

*The tritiated methane is then fully removed by circulating the xenon through the getter

*Parametrization of the electron recoil band from the high-statistics tritiated methane data
IS then used to characterize the background model.
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AmBe, 2>2Cf Neutron Source Calibrations
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AmBe, 22Cf Neutron Source Calibrations
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Electron Recoll Discrimination

Average discrimination from 2-30 S1 photoelectrons
measured to be 99.6% (with 50% nuclear recoil acceptance)

90%
S o

2 199% S
Q “—
© (qv)
= =
> E
2 3
o 199.9% S

—4
10 99.99%

0 5 10 15 20 25 30
S1 x,y,z corrected (phe)

Black circles show leakage from counting events from the calibration data.
Red circles show projections of Gaussian fits below the nuclear recoil band mean.



Several iIndependent estimates of total efficiency

AmBe data (circles) & sim (line) 1.8 _

N

=
e
B

NR efficiency | 4

5 T
©
5
= 10 F
£ [l
©
: . Tritium data
10° LI IF NHesm -
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We find good agreement between the data

and simulation-estimated efficiencies.
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D.S. Akerib et al., Nucl. Instr. Meth. A 675, 63 (2012) 34



WIMP Detection Efficiency - True Recoil Energy

3 keVnr

S2area ~230 phe (8.9 extracted electrons) Efficiency falls >18 keVnr due
S1area ~2.0 phe S1[2,30] phe range
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True Recoil Energy equivalence based on LUX 2013 Neutron Calibration/NEST Model



—fficiency of pulse finding and selection
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LUX High Energy Gamma Background in 220 kg

oFull gamma Spectrum, excluding region £2 cm from top/bottom grids
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Height [cm]

Total Electron Recoil Event Rate <5 keVee
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And it continues to get quieter - Xe Cosmogenic Activity cools (last 44 days)
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127Xe Electron Capture - Simulation

3
: Probability Density Function
Background: x-ray in center y RS
of detector after full escape .. 1 keVee
of decay gamma -=-
S 2 =
& 364 : T 5 keVee
WO QF EC™ ' > 1.5 e ==
+ 00'\& N-'? & 618.31 _0.0142% 7.4 2 % ——
31 ps 12¢ ':.\‘{’.’) %%.5’;\‘:5 374,992 ‘47_3".% 6‘.2 1
e AL S 0.2 keVee
127|
o 05 5 10 15 20 25 30 35 40

Energy released via cascade x-rays, or Auger
electrons. Total binding energy shown, and also
expected EC probability from that shell
K shell (35 keV) (85%)

or Internal Conversion Electron(s)

tiz = 36 days L shell (5.5 keV) (12%)
M shell (1.2 keV) (2.5%)
N,O shells (0.2 keV) (0.5%)
EC
I27)(e

Gamma Intensities
375 keV (17%)
202 keV (68%)
172 keV (26%)
145 keV (4.3%)
58 keV (1.2%)

Sic (phe)

Electron capture from
S-wave orbital,
p+e-—>n+Ve



Cut Explanation Events Remaining
All Triggers S2 Trigger >99% for $2>200 phe 83,673,413
. Cut periods of excursion for Xe Gas
Detector Stab”lty Pressure, Xe Liquid Level, Grid Voltages 82,918,901
: Identification of S1 and S2. Single
Single Scatter Events Scatter cut 6,585,686
Accept 2-30 phe
S energy (low energy <5 keVee,<25 keVnr) 26,824
S2 energy Accept 200-3300 phe 20,989
’ Cut if >100 phe outside S1+S2
S2 Electron Trains identified. (0.8% drop in livetime.) 19,796
o T : Cutting away from cathode and gate
Drift Time Cut away from grids regions, 60 < drifttime < 324 us 8731
Fiducial Volume Radius < 18 cm, 38 < drift time < 305 us, 160

118 kg fiducial




Simulated WIMP Signals for 85 days, 118 kg

*Pick a mass of 1000 GeV and cross section at the existing XENON100 90%
CL Sensitivity 1.9x10* cm? - Would expect 9 WIMPs in LUX Search

_ Probability Density
g Function (PDF) for WIMP

= Slgnal using in PLR
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>
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energy for which
NR calibration is r —
available. 10-90% Nuclear RecoWBa d 45
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0 5 10 15 20 25
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*PDF assumes Standard Milky Way Halo parameters as described in Savage, Freese, Gondolo
(2006) V0=220 km/S, Vescape = 544 km/S, pO — 03 GeV/CZ, Vearth = 245 km/S

* Helm Form Factor.



Simulated WIMP Signals for 85 days, 118 kg

*At a mass of 8.6 GeV and cross section favored CDMS Il Si (2012) cross
section 2.0x10*" cm? - Expect 1550 WIMPs in LUX Search

2.5 -2

Note how WIMP distribution
appear below the calibration

\.

Conservatively
assume no signal
generated for
recoils < 3 keVnr
to reflect lowest

—
(6)]
T

log10(S2bc/sic

. - g ="-_ _
energy for which 1t , O S - .
Jy for Whic .. the shift occurs because for a given S2 value
NR calibration is . . - 45
. the S1 is more likely to have up-fluctuated in order
available.
to appear above threshold
0.5 -5
0 5 10 15 20 25
Sic (phe)

+The shift in the WIMP PDF downwards improves the effective ER event leakage fraction



drift time (us)

Position of Low Energy Events in 85 day Exposure
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log : O(SZb/S1 ) X,y,Z corrected

LUX WIMP Search, 85 live-days, 118 kg
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Use an extended likelihood

e~ Ns—Ncompt—Nxe—127—NRn222 N
Lws = A HNSPS(:B;O’? 93) +NCOmptPER(33§9Compt)
' i=1

+Nxe_127PER(;0xe—127) + NRn PER(T; ORN)

Discriminant between ER/NR

Energy Discriminant against
\ external/internal radiation

Observables: x = (S1, 10g10(S2/S1), r,/z)

Parameter of interest; Ns

Nuisance parameters: Ncompt, Nxe-127, Nrn/kr-85

/

Gaussian constrain to within 30% of the predicted rates 48



Predicted WIMP scattering

R o0 l C. McCabe, Phys. Rev. D, 82, 023530 (2010)
e 'p—X/ "vf@f’” )——d®v
dER M, J, . dER

do \ Mpyon, ( pr+fn(A Z))

F?*(ER)

dE R ‘21)2 [z, 2 %

371(qR) ° 2 2
Use Helm form factor  F?(ER) = ('Jlé ' ) e— 48
qn

Use standard isothermal
halo model with cutoff

R = /7?2 — 552

Velocity of solar system in the galaxy: vo =220 km/s
Velocity of earth around the sun: VE = 245 km/s
Galactic escape velocity: Vesc = D44 km/s
Local dark matter density: o = 0.3 GeV/c?/cm?

49



WIMP signal model

Py(l0g10(52/S1)|S1XBy( Enr(ST)Pu(r) Pa(2)

dR l
P,(Engr(S1)) = E(Sl)dENR(00,77'zwz-mp,9dm)

dENR
dS'1

Events/pb kg day

yd

AN

3 \ 4
140210 2 45000 > 2400F
: o T 2200
120F 8 GeV /c2 WIMP 2 40000E 100 GeV /c2 WIMP 2 2000) 2 TeV /c2 WIMP
100 % 35000 - ct }gggg:
sof £ 30000F = i
: G 25000 & 1200F
60F 20000 - 1990¢-
40 15000 & 288 =
Y 5000 — 200F
B o " & 3 Og T T % 20 40 60 80 100
Enr [keV] Enr [keV] Enr [keV]

50



log10(S2/S1)

Use simulation in final model of WIMP signal

Ps(laglo(52/31)|51)Ps(E

\

Model as uniform in (r?,z)

!
Use realistic simulation to model 2D pdf,

INcludes resolution and efficiencies

LUX Simulation LUX Simulation LUX Simulation
2.4 = 24F = 24fF
22 8 GeV /c2 WIMP l_ S 22 100 GeV /c2 WIMP |1} S 22 2 TeV /c2 WIMP |0
2.08 3 20 - S 20 |
1.8 2  18F 2  18F N
1.68 l - 16k e
1.4 - 1.4F 1.4F
1.2F 1.2 1.2F
1.0 - 1.0 1.0
0.8 0.8 0.8
o6p- 06 06
10 20 30 10 20 30 10 20 30
S1 [estimated photons] S1 [estimated photons] S1 [estimated photons]
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log10(S2/S1)

Radioactive materials model

!

Model as uniform in Eee € [0.9, 5.1] keVee

LUX Simulation log  o(ctskgiday)

1

l 0.5
. B 40 0
Rl _ 1-0.5
B =
== 2. 30
= = - 1-1
| ()]
: 2
_ 20 1-1.5
-2
10
I | I '25
20 30
S1 [estimated photons] 0 3
0 5 10 15 20

Radius [cm]

Predict 129 events in WIMP search data 5



12X e model

Ponllogio(52/S1)|51) Parxe(Eee ST Porxe (1, 2

Again use simulation to
model pdfs, includes LUX Simulation log (DRUMBA)
resolution and efficiencies

50

5 24
N 22
(@p)]
S 20 40
2 18
1.6 30

1.4
1.2

Height [cm]

1.0
0.8 ) ]
0.6 Model from LUX simulation 10
' ! | ! ! ! ! | ! ! ! !
10 20 30
S1 [estimated photons] 0

0 5 10 15 20
Radius [cm]

Predict 15 events in WIMP search region 53



log10(S2/S1)

214Pb/%°Kr background

@910 (52/ %Eee%r)]j@

|

Model as uniform in Model as uniform in (r2,2)

Eee € [0.9, 5.1] keVee
0 LUX Simulation

427 . - ! 5
1%/ Xe Radioactive materials |

DRU

' N 85Kr \
\'

0 500 1000 1500 2000 2500 3000
Energy deposited [keVee]

- Model from %H

L L L L L | L L L L
10 20 30
S1 [estimated photons]

Predict 10 events in WIMP search region 54



Background Summary for 118 kg Fiducial
eAverage levels over period April-August WIMP Search Run

Background Component Source 103 x evts/keVee/kg/day
Gamma-rays 'St,\‘er”Sa'(ggc;?)p‘g‘sgig?c#‘ﬁgﬁ 1.820.2stat£0.35ys
- | Cosmogenic +0.02<r+0 1
Xe (364 day half I|fe) 0.87 -> 0.28 during run 0.5£0.02tat£0. Sys
214pp 222Rn 0.11-0.22190% cL)
Reduced from
8K 13+0.07
r 130 ppb to 3.5+1 ppt 0.13£0.075
Predicted Total 2.6£0.25ta120.45ys
Observed Total 3.1£0.2stat




WIMP-nucleon cross section [cm?]
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WIMP-nucleon cross section (sz)

Spin Independent Sensitivity Plots
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log 1 O(SZb/S1 ) X,y,Z corrected
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The Near-Term Future

® Detector work
® Additional calibrations

® Start (notional) year-long run




Next: LZ

Water tank

— Ticryostat

HV connection

™~ TPCand photomultipliers

SuperCDMS Soudan Low Threshold
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